Traditional methods of intraoperative human saphenous vein preparation for use as bypass grafts can be deleterious to the conduit. The purpose of this study was to characterize acute graft preparation injury, and to mitigate this harm via an improved preparation technique. Porcine saphenous veins were surgically harvested (unprepared controls, UnP) and prepared using traditional (TraP) and improved preparations (ImP). The TraP used unregulated radial distension, marking with a surgical skin marker and preservation in heparinized normal saline. ImP used pressureregulated distension, brilliant blue FCF-based pen marking and preservation in heparinized Plasma-Lyte A. Rings from each preparation were suspended in a muscle bath for characterization of physiologic responses to vasoactive agents and viscoelasticity. Cellular viability was assessed using the methyl thiazolyl tetrazolium (MTT) assay and the terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay for apoptosis. Contractile responses to potassium chloride (110 mM) and phenylephrine (10 µM), and endothelial-dependent and independent vasodilatory responses to carbachol (0.5 µM) and sodium nitroprusside (1 µM), respectively, were decreased in TraP tissues compared to both UnP and ImP tissues (p ⩽ 0.05). TraP tissues demonstrated diminished viscoelasticity relative to UnP and ImP tissues (p ⩽ 0.05), and reduced cellular viability relative to UnP control (p ⩽ 0.01) by the MTT assay. On the TUNEL assay, TraP tissues demonstrated a greater degree of apoptosis relative to UnP and ImP tissues (p ⩽ 0.01). In conclusion, an improved preparation technique prevents vascular graft smooth muscle and endothelial injury observed in tissues prepared using a traditional approach.
Introduction
Over 300,000 grafts to the coronary and peripheral circulation are transplanted in the United States annually, and the human saphenous vein (SV) is the most common conduit used in these procedures. [1] [2] [3] Despite wide utilization, human SV graft failure rates have been reported at 30-40% within 1 year. 4, 5 Explantation, preparation and arterialization of human SV represents an autologous transplantation, necessitating the same tissue handling and attention to surgical technique given to solid organ allografts. The period of ex vivo graft preparation provides a critical window for the graft. While extracorporeal, the vein is highly prone to endothelial and smooth muscle injury due to handling, exacerbated by a relatively ischemic cellular environment. 3, [6] [7] [8] Minimal attention has been given to intraoperative 'back-table' preparation of human SV, and commonly employed techniques include physical trauma and exposure to toxic elements within surgical skin markers and preservation media. [7] [8] [9] Three particular ex vivo manipulations, comprising the traditional preparation (TraP), have been identified as candidates for potential optimization. Vein graft preparation first involves unregulated intraluminal distension to identify leaks and unligated branches, followed by marking with a standard surgical skin marker and, finally, preservation in normal saline solution until implantation. 10 Unregulated distension exposes the endothelium to supraphysiologic pressures, leading to denudation. 6, 11, 12 Marking with a standard surgical skin marker exposes the smooth muscle cells to two cytotoxic components: gentian violet dye and isopropyl alcohol. 8 Normal saline as a preservation medium is acidic, and its electrolyte composition is dissimilar to the plasma components normally seen by vein graft in vivo. 7 Damage to the conduit, particularly the endothelial layer, may accelerate thrombosis and intimal hyperplasia. 3, 6, [13] [14] [15] As their SV is similar in caliber, composition and physiologic properties to human SV, a porcine model was chosen as a source of heterogeneous, readily obtainable tissue. 6 The purposes of this investigation are two-fold. First, we aim to characterize acute conduit injury imposed by the TraP, as defined by impairment in smooth muscle function, biophysical properties and viability. Second, we aim to test our hypothesis that a rationally designed three-tiered technique that is more physiologically compatible with SV graft, the improved preparation (ImP), may reduce acute conduit injury.
Methods

Harvest of porcine saphenous veins
Animal procedures followed the protocol approved for this study by the Vanderbilt Institutional Animal Care and Use Committee (IRB number M/11/123) and adhered to National Institute of Health guidelines for the care and use of laboratory animals. Animals were prepared for surgery in the morning on the day of delivery, and were thus not housed or acclimated. Yorkshire/Landrace pigs weighing 43.0 ± 1.4 kg (Oak Hill Genetics, Ewing, IL, USA; n = 28 in total) were anesthetized via the institutional protocol of ketamine (2.2 mg/kg), xylazine (2.2 mg/kg) and telazol (4.4 mg/kg) induction, and isoflurane (1-5%) maintenance in the Vanderbilt animal operating theater. A licensed veterinary technician was present throughout all harvest procedures. Their hind legs were prepared and draped in the usual sterile fashion. Bilateral incisions were made and the subcutaneous fat and fascia were carefully dissected to expose the porcine SVs from the ankle proximally to the sapheno-femoral junction, with care taken to minimize trauma to the vein in situ. Branches were ligated using 4-0 silk ties. Once exposed, both porcine SVs were clamped and explanted from the body. Control, unprepared tissue (UnP) was cut from these segments, after which they were immediately placed in heparinized (10 units/mL; Hospira, Lake Forest, IL, USA) Plasma-Lyte A (HP) (Baxter, Deerfield, IL, USA). After harvest, the pigs were euthanized with a sodium pentobarbital (125 mg/kg) overdose. Primary endpoints for these studies were physiologic responses, measures of viscoelastic conformity and cellular viability indices.
Traditional preparation technique
One of the two veins, determined by random draw to undergo TraP, was cannulated at the distal end with an olivetipped cannula, and secured with a 4-0 silk suture. A 60 mL disposable syringe was filled with 10 mL heparinized (10 units/mL) 0.9% normal saline solution (HS) (Baxter), and after occluding the opposite end of the vein with fingertip compression, the vein was flushed with HS three times. Unligated branches were identified and tied. After distension, the vein was marked in a continuous line using a standard surgical skin marker (Richard-Allan, Medline, Mundelein, IL, USA) containing gentian violet dye in isopropyl alcohol solvent. The TraP graft was then stored in HS with papaverine (1 mg/mL) for 2 hours, a period of time chosen to represent an extreme end of a practical preservation period that was thought, a priori, to pronounce the differences in conduit injury between solutions. Papaverine is a phosphodiesterase commonly used to prevent vasospasm.
Improved preparation technique
The vein randomized for ImP was cannulated at the distal end using an olive-tipped cannula with an introducer for easier insertion into the graft lumen. The vein was then secured to the cannula with a 4-0 silk tie and the introducer was removed. A pressure release valve with adaptor tubing, engineered to limit distension pressure to 140 mmHg, was primed by placement of a finger over the outflow end of the valve with injection of HP to assess and confirm pressure release. The valve was then attached to the cannula, and a plastic bulldog clamp was placed on the opposite end of the vein for tamponade. 16 The graft was distended with 10 mL HP three times, and unligated tributaries were identified and tied. After distension, the bulldog clamp was removed along with the segment of clamped vein, and the vein was marked in a continuous line using the marker containing the dye brilliant blue for coloring food (FCF) (VasoPrep, Morristown, NJ, USA). The ImP graft was then stored in HP with papaverine (1 mg/mL) for 2 hours at room temperature.
Determination of physiologic tissue function
Rings ~1 mm in width were cut from UnP, TraP and ImP vein graft segments after gentle dissection free from residual connective and adipose tissue. Tissues were suspended in a muscle bath, in duplicate, containing a bicarbonate buffer (120 mM sodium chloride, 4.7 mM potassium chloride, 1.0 mM magnesium sulfate, 1.0 mM monosodium phosphate, 10 mM glucose, 1.5 mM calcium chloride, and 25 mM sodium bicarbonate; pH 7.4), equilibrated with 95% O 2 / 5% CO 2 at 37°C. Tissues were sequentially stretched to the optimal resting tension (~1 g) and stretched three to four times the resting tension to determine the passive length-tension relationship, followed by maintenance at resting tension of 1 g for an additional 1 hour. 17, 18 Force measurements were obtained using the Radnoti force transducer (model 159901A) interfaced with a PowerLab data acquisition system and Chart software (AD Instruments, Dunedin, New Zealand).
Smooth muscle function was assessed by repeatedly contracting the tissues with 110 mM potassium chloride (KCl) until consistent maximal force was generated. To determine endothelial-dependent relaxation, porcine SV rings were pre-contracted with the alpha-1 agonist phenylephrine (10 µM), and relaxed with carbachol (0.5 µM), an acetylcholine analogue that induces nitric oxide release from viable endothelial cells. To determine endothelialindependent relaxation, porcine SV rings were again precontracted with phenylephrine (10 µM) and relaxed with sodium nitroprusside (1 µM), an exogenous nitrous oxide donor. Relaxation was reported as percent of maximal phenylephrine-induced contraction ( Figure 1 ). KCl, phenylephrine, carbachol and sodium nitroprusside were added directly to the muscle bath. After experimentation, all rings were weighed and their widths measured with calipers.
Assessment of viscoelasticity of PSV graft
Data on tissue force generation upon contraction with 110 mM KCl as a function of time was recorded on LabChart and imported into Eureqa Equation Solver. The Eureqa Equation Solver uses symbolic regression to determine the best fit of the data as well as relevant fitting parameters. Viscoelastic conformity was assessed by fitting the tracings of each of the three conditions to the Hill viscoelastic model of the form F(t) = (a+rt)/(b+t) for isometric contractions. In the equation, t is the variable time and a, b and r are constants. Mean absolute error (MAE) was the primary measure used to analyze the goodness of fit of the model.
MTT assay
The viability of vascular smooth muscle cells was determined using the methyl thiazolyl tetrazolium (MTT) assay. 19, 20 After preparation, rings were placed in 250 µL 0.01% thiazolyl blue tetrazolium bromide in phosphatebuffered saline for an additional 1 hour at 37°C. Rings were then transferred to 500 µL 2-ethoxyethanol solvent for 24 hours to extract the resulting formazan dye. MTT viability indices were calculated, and represent spectrophotometric measurements (λ = 570 nm) of the 2-ethoxyethanol, normalized to both tissue mass and volume of solution; as such, these measurements are useful for comparison among other preparations, but do not reflect a percentage of viable smooth muscle cells. 7, 19 
TUNEL assay
The extent of apoptosis of vascular smooth muscle cells was determined using the terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) assay. 21 Segments of the three tissue preparation groups of porcine SV were formalin-fixed immediately after preparation. Remaining segments were cultured in RPMI 1640 media with 30% FBS at 37°C in a humidified incubator with 5% CO 2 for 3 days. These tissues were then formalin-fixed, dehydrated with ethanol, and embedded in paraffin. Apoptosis was detected using the DeadEnd™ Flourometric TUNEL System (Promega, Fitchburg, WI, USA) per the manufacturer's instructions and mounted with SlowFade ® Gold anti-fade reagent with 4'6-diamidino-2-phenylindole (DAPI; Thermo Fisher Scientific, Waltham, MA, USA). Images were acquired on a Zeiss Axiovert 200 fluorescence microscope at 400× magnification. TUNEL signals were quantified by Image J with the plugin 'color_pixel_ counter.class' with the minimum intensity value set at 100. The extent of apoptosis (apoptosis index) was represented as the proportion of DAPI-stained pixels (blue stain, representing nuclei), which subsequently stained green on TUNEL assay (TUNEL positivity). 21 
Statistical analysis
Contractile responses were defined by stress, calculated using force generated by tissues as follows: stress [10 5 Newtons (N)/m 2 ] = force (g) × 0.0987 / area, where area is equal to the wet weight [(mg) / length (mm at maximal length)] divided by 1.055. 22 Data were reported as mean ± standard error of the mean (SEM). One-way analysis of variance (ANOVA) with Tukey's post hoc analysis of multiple comparisons was conducted in order to determine the statistical significance between treatment groups, at a level of evidence p ⩽ 0.05. Statistical analysis was performed using GraphPad Prism 5 (La Jolla, CA, USA) and Eureqa Equation Solver (Somerville, MA, USA).
Results
Smooth muscle contractility of porcine saphenous vein
Differences in KCl-induced stress were found among treatment groups, upon one-way ANOVA (F = 20.4, p < 0.001; n = 15). Stress in TraP tissues was decreased relative to UnP tissues (0.11 ± 0.03 vs 0.33 ± 0.03 ×10 5 N/m 2 , p ⩽ 0.001; Figure 2A ) and ImP tissues (0.11 ± 0.03 vs 0.35 ± 0.03 ×10 5 N/m 2 , p ⩽ 0.001). Differences were not observed between Similarly, differences in phenylephrine-induced stress were found among treatment groups (F = 7.7, p = 0.002; n = 15). Stress in TraP tissues was decreased relative to UnP tissues (0.059 ± 0.02 vs 0.19 ± 0.04 ×10 5 N/m 2 , p ⩽ 0.01; Figure 2B ) and ImP tissues (0.059 ± 0.02 vs 0.14 ± 0.02 ×10 5 N/m 2 , p ⩽ 0.05). Differences were not observed between UnP and ImP tissues (0.19 ± 0.04 vs 0.14 ± 0.02 ×10 5 N/m 2 , p > 0.05).
Endothelial-dependent and independent relaxation of porcine saphenous vein
Differences in endothelial-dependent relaxation were found among treatment groups, upon one-way ANOVA (F = 6.3, p = 0.01; n = 7). Endothelial-dependent relaxation was decreased in TraP tissues relative to UnP tissues (0.42 ± 3.0% vs 10.1 ± 1.6%, p ⩽ 0.05; Figure 3A Similarly, differences in endothelial-independent relaxation were found among treatment groups (F = 14.2, p ⩽ 0.001; n = 10). Relaxation was decreased in TraP tissues relative to UnP tissues (20.8 ± 7.0% vs 54.9 ± 3.6%, p ⩽ 0.001; Figure 3B ) and ImP tissues (20.8 ± 7.0% vs 40.3 ± 5.4%, p ⩽ 0.05). Differences were not observed between UnP and ImP tissues (54.9 ± 3.6% vs 40.3 ± 5.4%, p > 0.05).
Viscoelasticity of porcine saphenous vein tissues
The fitting of representative tracings is illustrated in Figure 4 . Differences in MAE among treatment groups were found using one-way ANOVA (F = 11.2, p = 0.003; n = 6). The MAE was significantly greater in TraP tissues relative to UnP tissues (0.11 ± 0.02 vs 0.054 ± 0.009, p ⩽ 0.01; Figure 5 ) and ImP tissues (0.11 ± 0.02 vs 0.052 ± 0.009, p ⩽ 0.01). Differences between UnP and ImP tissues were not significantly different (0.054 ± 0.009 vs 0.052 ± 0.009, p > 0.05). 
Cellular viability of porcine saphenous vein
Differences in MTT viability indices were found among treatment groups, upon one-way ANOVA (F = 8.4, p = 0.007; n = 6). Relative to UnP tissues, the MTT viability index was reduced in TraP tissues (0.080 ± 0.02 OD 50 mg −1 mL −1 vs 0.034 ± 0.008 OD 50 mg −1 mL −1 , p ⩽ 0.01; Figure 6 ), but not in ImP tissues (0.080 ± 0.02 OD 50 mg −1 mL −1 vs 0.050 ± 0.01 OD 50 mg −1 mL −1 , p > 0.05). Difference in viability indices between TraP and ImP tissues were not significant (0.034 ± 0.008 OD 50 mg −1 mL −1 vs 0.050 ± 0.01 OD 50 mg −1 mL −1 , p > 0.05).
Differences in %TUNEL-positive nuclei were also found among treatment groups, upon one-way ANOVA (F = 9.8, p = 0.002; n = 6). Relative to UnP tissues, there was a greater percentage of TUNEL-positive nuclei in TraP tissues (1.9 ± 0.4% vs 6.9 ± 1.5%, p ⩽ 0.01; Figure  7A ), but not in ImP tissues (1.9 ± 0.4% vs 1.9 ± 0.4%, p > 0.05). There was also a greater percentage of TUNELpositive nuclei in TraP tissues relative to ImP tissues (6.9 ± 1.5% vs 1.9 ± 0.4%, p ⩽ 0.01). Representative TUNEL stains are illustrated in Figure 7B .
Discussion
Our data demonstrate that traditional intraoperative preparation of harvested porcine SV cause injury to the conduit. The collective effects of the TraP method caused both decreased contractile and dilatory responses to all agents, including KCl and phenylephrine-induced vasoconstriction, endothelial-dependent relaxation with carbachol and endothelial-independent relaxation with sodium nitroprusside, a pattern of physiologic impairment mitigated by the ImP technique. These injuries correlated with reduced cellular viability as well, as TraP tissues had a reduced MTT viability index and greater TUNEL-positive nuclei relative to UnP tissues, a finding not observed with ImP tissues.
In cardiac and peripheral bypass operations, there are several properties of conduit that are highly desirable. The conduit must have adequate biocompatibility, blood compatibility and biostability, all properties intrinsic to an autologous vascular transplantation. In addition, porosity, low thrombogenicity, the ability to stretch and the ability to resist kinking are also considered optimal parameters, particularly in the rational design of a successful synthetic conduit. 23 The property of viscoelasticity is an important biophysical characteristic in a successful vascular graft, necessary for adaptation to the blood flow of the arterial circulation. 24 In its simplest definition, a viscoelastic tissue has a recoverable (elastic) and a non-recoverable (viscous) component. In the case of a purely elastic vessel, application of a load (e.g. KCl) would continuously deform the wall in linear fashion. A viscous component allows for a dissipation of energy over the course of the load application. Healthy soft tissues, including arteries and muscles, are intrinsically viscoelastic. 25 Loss of viscoelasticity has been identified as a marker of diseased human carotid artery, associated with pulmonary hypertension in mice and contributory to cardiac dysfunction in pre-term infants. [26] [27] [28] [29] [30] Consistent with the injury patterns observed in assessments of physiology and cellular viability, our data revealed diminished viscoelastic conformity in TraP tissues that was not observed in ImP tissues.
The first component of traditional vein graft preparation, hand-held pressure distension of the conduit, is known to lead to deleterious biochemical and cellular changes in vascular smooth muscle cells, including release of extracellular ATP, accumulation of cholesterol, greater expression of inflammatory markers and increased proliferation. 12, [31] [32] [33] [34] [35] [36] The impact of unregulated distension on the endothelial layer is more pronounced. Peak distension pressure is proportional to endothelial loss and dysfunction in human SV. 6, 35, [37] [38] [39] Unregulated distension leads to intraluminal pressures in excess of 600 mmHg. 3, 6 Pressures as low as 300 mmHg also demonstrated a 91% endothelial cell loss, as determined by CD31-immunostaining. 40 As an intact endothelial monolayer is critical to human SV patency, 13, 41, 42 methods have been developed to minimize distension pressures of human SV. In 1980, a balloon device interposed between the syringe and cannula was developed to lower infusion pressure. 43 In 1992, Angelini et al. used a distension system in which a cannulated human SV was connected to the side-arm of an arterial cannula previously inserted and secured into a coronary artery bypass graft (CABG) patient's ascending aorta. This allowed for the patient's own arterial pulsation to dilate the vein, and led to preservation of medial and endothelial function. 44, 45 The pressure release valve utilized in this report represents a simple, effective modality that fits in line with the distension tubing array to alleviate supraphysiologic distension. Pressure release valve use preserves endothelial functional responses and prevents endothelial denudation. 6 Physiologic distension pressure does not prevent the effective identification of graft leaks. 44, 45 In 2011, Eagle et al. showed that both smooth muscle contractility and endothelial-dependent relaxation were decreased with topical application of standard surgical skin markers containing gentian violet dye (10%) and isopropyl alcohol solvent (50%). 9 Moreover, at subclinical concentrations, brief exposures to both gentian violet dye and isopropyl alcohol solvent have been reported to be cytotoxic to cultured human umbilical venous smooth muscle cells as assessed histologically by trypan blue staining, as well as the CytoTox-Glo™ Assay. 8 Topical application of standard surgical skin markers has been shown to harm other human tissue as well, including hamstring tendon and endothelium in the anterior lens and cornea of the eye. [46] [47] [48] FCF was chosen as a non-toxic, water soluble dye with which to mark conduit on the basis of several recent reports. Topical FCF treatment, or preservation in a balanced salt solution containing FCF, has been shown to maintain the physiologic functions of human SV. 8, 49 In contrast to gentian violet and isopropyl alcohol treatment, topical FCF is also not acutely cytotoxic to cultured human umbilical venous smooth muscle cells. 8, 49 Interestingly, FCF has been found to enhance the contractile responses of damaged human SV to KCl depolarization and enhance endothelial-dependent relaxation, suggesting that FCF has beneficial pharmacologic properties. 49 The mechanism of prevention and amelioration of acute cellular injury has been linked to vascular cell P2X 7 receptors by FCF. 8, 15, 49, 50 These receptors are activated by ATP released during injury, leading to downstream effects such as increased cytosolic calcium flux, migration, inflammation, proliferation and apoptosis. 8, 49, 51 Among patients in the Project of Ex-Vivo vein graft Engineering via Transfection-IV (PREVENT-IV) cohort, normal saline was the most common media for graft preservation prior to implantation. 14 Normal saline was also identified as an independent risk factor for vein graft failure at 1 year among patients in this same cohort. 14 Tissues preserved in normal saline for 2 hours demonstrated decreased responses to vasoconstrictors, as well as to carbachol and sodium nitroprusside, along with a concomitant reduction in MTT viability index. These acute changes were minimized via preservation with buffered salt solutions such as University of Wisconsin solution or Plasma-Lyte A. 7 Mechanistically, the significant acidity of normal saline relative to the physiologic pH of 7.4 is the most probable cause for this damage. 7 Thus, a simple balanced salt solution of a physiologic pH, Plasma-Lyte A, was chosen as a more optimal preservation solution.
Human SV injury during preparation may contribute to the subsequent development of intimal hyperplasia and graft failure. In 2014, Osgood and colleagues reported that intraoperatively prepared human SV generated increased intimal thickness relative to unprepared control in an organ culture model. 3 In 2014, Li et al. demonstrated that unregulated distension led to physiologic impairment in response to KCl, carbachol and sodium nitroprusside, patchy endothelial denudation and increases in neointimal growth in organ culture, which were prevented with distension with an in-line pressure release valve. 6 FCF treatment has recently been reported to prevent neointimal formation in a human SV organ culture model. 49 Additionally, ex vivo treatment of rabbit external jugular conduit in a 50 µM solution of FCF in Plasma-Lyte A for 1 hour prior to implantation led to decreased neointimal growth in an in vivo carotid interposition model. 15 Taken together, these data suggest that current methods used to prepare human SV for transplantation into the coronary or peripheral circulation lead to significant damage to the conduit that may result in vein graft failure.
Limitations
There are several limitations to this study. First, the data collected in this study reflected acute changes in tissue physiology. Upon implantation into the arterial circulation, human SV has the capacity to undergo adaptive remodeling, including generation of a thicker smooth muscle layer to accommodate the rise in flow and shear stress of the arterial circulation, regeneration of denuded endothelium and a strengthening of the extracellular matrix. [52] [53] [54] Next, while ideal for size and wall thickness, porcine SV has properties that are different from human SV. The porcine specimens were uniformly healthy, in contrast to the heterogeneous human cohort of aged CABG patients. Finally, this study did not discern the relative contributions of each of the three components of graft preparation on the measures of injury assessed. It is most likely that each subsequent injury incrementally impairs the conduit; however, each component itself may be enough to fully abrogate smooth muscle and endothelial function. Nonetheless, minimization of intraluminal distension, graft marking with a non-toxic alternative surgical skin marker, and preservation in a buffered salt solution have been shown, collectively and individually, to maintain saphenous vein explant function. Together, they comprise an improved preparation technique for human SV that may plausibly abrogate neointimal growth.
Conclusions
The profile of acute graft injury seen with traditional preparation includes physiologic functional impairment, diminished viscoelasticity and reduced cellular viability. Minimization of acute tissue damage has been correlated with decreased neointimal growth. A rationally designed, improved technique provides a feasible alternative approach to conduit preparation while addressing three of the key harmful intraoperative manipulations.
